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Supplementary Note 1: Derivation of TCMT model

The model is expressed as:
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As our devices are composed of MIM structures, where a metal reflector is deposited

at the bottom, the reflectivity matrix can be determined as:
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The circular dichroism is defined by the subtraction between LCP and RCP light, where
the electric field of LCP and RCP light is given by:
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And the Rcpis derived as:
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where 7" is the conjugate matrix of reflectivity, 7X and / represent the real and imaginary
part of the reflectivity, respectively. The final expression of Repis:
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For each parameters, we have simulated the A A with different structures, and

numerically fitted the A4 to the Rcp curve. For the change of AY, as the shape and

thicknesses of nanorods are the same, we assume that the absorption losses for each



modes are identical (Vg = Yax = Vay)- The extracted parameter for each structure is

shown in Fig. S2.



Supplementary Note 2: Parameter analysis for structural CD

Considering the resonance frequency of two modes collides, the R.p can be expressed

as:

3 Yay Yax)

Yry VYrx
S8
|§2+(er+yax)(yry+yay)| ( )

4§ (er)’ry) G=

RCD

We assume that the chiral metamaterials have been optimized and the losses are all
constant. Next, we place a chiral molecule onto the chiral metamaterials. Such act will
affect the chiral interaction between each mode, which induce a perturbation term A&
to the equation. Therefore, the difference of R, induced by the molecules can be
written as:

ARcp = Rep(§ +A8) — Rep(§) (59)
Considering the perturbation is too small to affect the whole the value of CD, we could
further obtain where the perturbation induces larger difference by taking the derivative

of R.p and solve the extremum value, which is:
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Hence, the extremum near field coupling coefficient can be solved as:
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Varying the loss parameters, we could observe the extremum value occurring, shown
in Fig. S3(A). Changing the parameters of the losses, the local maximum value is also
tuned, shown from Fig. S3(B) to S3(E). To further explore the influence brought by the
losses, we assume the near field coupling has reached the extremum value &, then the
maximum R.p can be written as:
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We mapped the R;p value with different loss ratios, the results are shown in Fig. S3(F).

When the loss ratio ];“—x = );a—y, R¢p 1is zero. If the two values have larger difference,
rXx Ty

Rcp also becomes larger. Furthermore, when one of the loss ratios is zero, another will



achieve an optimized value around 2. This result indicates an extreme value for AR '

But this cannot happen for our system as the absorption loss should be a nonzero term

for the plasmonic structures.



Supplementary Note 3: Influence by metamaterial length and

gap

We have experimentally validated the influence brought by the length L and the gap g
of nanorod structure, as shown in Fig. S5(A). We measured the CD and IR spectra with
the varied lengths from 1.7 um to 1.9 pm and varied gap from 100 nm to 200 nm. The
results for CD spectrum are shown in Fig. S5(B) and S5(C). When the length increases,

the resonant wavelengths of the plasmonic mode shift to longer wavelengths. Besides,

the A A also decreases, which is because of the bandwidth limitation of our 1/4

waveplate (Ao=6 um, AA=400 nm). For the gap difference, 100 nm gap could provide

a larger AA as smaller gap could provide larger field enhancement. The results for IR

present similar performance as the CD spectrum, as shown in Fig. S5(D) and S5(E).
Furthermore, we extracted the resonant wavelengths and the Q factor for both spectra
and plotted with the length L and the gap g, as shown in Fig. S5(F). The Q factor is

defined as:
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where Ao is the center wavelength for the resonance peak, and AX is the FWHM
bandwidth. The wavelength shift is almost linear as the nanorod length changes,
indicating our method of designing metamaterial is applicable for the whole mid-IR
ranges. Besides, although there is little difference of the Q factor as gap changes for CD
spectrum, a higher Q factor is observed with smaller gap for IR spectrum. Therefore,
smaller nanogap is still necessary for chiral metamaterial design.

We have also compared the sensing performance between 100 nm gap and 200 nm gap,
as shown from Fig. S8(A) to Fig. S8(D), where 100 nm gap has larger CD and can
perform larger VCD enhancement for BSA sensing. Besides, we have also tried the
fabrication of sub-100 nm gaps, as shown in Fig. S8(E). This indicates the potential of
fabricating structures with smaller fingerprint using the same platform. Especially,
larger field enhancement can be experienced by the molecules if they are introduced

into the gap regions. However, in our design, sub-100 nm gaps may not promise better



performance. One of the possible issues is the strong coupling induced Rabi-splitting,
as shown in Fig. S8(F). We have used FDTD method (Lumerical FDTD) to simulate
the device with smaller gaps. The resonant peak is split into two when reducing the gap
lengths under the linear polarization. Such resonance splitting is known as Rabi-
splitting, which is induced by the strong coupling when two nanorods are close. We
further simulate the Rcp with smaller gaps, and find that the resonance splitting still
exists, as shown in Fig. S8(G). However, the Rcp value is also decreased. Such
phenomenon is interesting, but not within the scope of our work. One potential
application for such nanogap is to create a broadband sensing platform, as the range of

CD enhancement is also broadened enabled by these split resonances.



Supplementary Note 4: Parameter analysis for chiral sensing

We have discussed the parameter influences by the losses (ya_y — Yoz

) with extremum
Yry Yrx

near field coupling coefficient &,. We will further discuss the influences when the
coupling coefficient is varied. Similarly, we assume that the near field coupling would
have a perturbation when molecules drop onto the sensing area. Therefore, the
perturbation will induce a slight R.p shift, while the derivative of R.p, denoted as
Rcp', represents for the changing rate of R.p. The physical meaning of R.p' is the
sensitivity of CD spectrum when near field coefficient is differed with a small value.
The plotted results for Rop and R.p' are shown in Fig. S6(A). Noted that when ¢ is

!

close to zero, a largest R.p is achieved, which refers to weak near field coupling

between two resonant modes. We further use the previously extracted absorption and

" as a function of ¢,

radiation losses from C+3 to C-3 structures and calculate the R.p
as shown in Fig. S6(B). It can be observed that C+3 and C-3 structures have larger R.p'
than C-2 and C+2 structures, followed by C-1, C+1, and CO structures. Such result
agrees well with the circular dichroism distribution shown in Fig. 2E. However,
although weak near field coupling regime could provide larger sensitivity of the R.p,
the signal needs amplifying by superchiral field before it could be observed by the CD
spectrum. We have further calculated and plotted the enhancement by superchiral field
and the related R.p’ for each structure. The R.p’ for each structure is determined
according to the extracted ¢ shown in Fig. 2C(ii). The results are shown in Fig. S6(C).

Although the CO structure could provide larger R.p’, the superchiral field enhancement

is near zero. Therefore, we multiply these two factors for each structure, shown in Fig.
S6(D). The expression is written as R.p' - e To understand in a more intuitive way,
]

the former term determines the sensitivity to the signal perturbation (such as molecules),
while the latter term determines the amplification to the detected signal, which is the
superchiral field experienced by the molecules. This platform applies for our structures,
as the value decreased from the maximum to the minimum when varied from C+3 to
C-3. Such framework could supervise the design and optimization process for chiral

metamaterial sensors.



Supplementary Note 5: Sensing characterization at different

volumes and noise measurement of optical testing setup

To characterize the minimum detection volume for our sensing platform, we have
measured the IR sensing results for BSA at the concentration of 12.5 ng/pL with sample
volume of 2 uLL and 1 pL, respectively. The results are shown in Fig. S9(A). It can be
noticed that the AR signal for 2 pL is larger than 1 pL at the absorption peak of 1650
cm’!, which agrees with the sample volume. Although we could distinguish the volume
change in this way, the signal fluctuation is observable at other wavenumbers, which is
brought by the whole measurement setup. The reason of this kind of noise is mainly
from the interference-like pattern, as shown in Fig. S9(B). As we have mentioned in
the optical characterization part, we used Spero® Chemical Imaging Microscope for the
whole measurement, which contains a QCL laser as mid-IR light source. Therefore, this
noise is mainly from the laser’s high degree of coherence, which leads to interference-
like pattern *. We have repeated testing the VCD spectra on these areas, the results are
shown in Fig. S9(C), indicating that the noise level is around 0.01. This may influence
the VCD signal when the concentration is lower. One possible method to mitigate such
coherence-induced interference pattern is to substitute the QCL setup with a classical

FT-IR.



Supplementary Note 6: Demonstration of enantioselective

sensing

In the manuscript, we have demonstrated the enhanced VCD sensing of protein
secondary structures, which proves the potential of biomedical and clinical diagnosis
applications. For stereochemistry related applications, we have also demonstrated using
enantiomers, which have the same connectivity but opposite 3D shapes. The molecules
used are D-glucose (Sigma-Aldrich, product G8210) and L-glucose (Sigma-Aldrich,
product G5500). We fabricate several new chiral metamaterials with longer resonance
wavelength to match the vibrational mode of glucose, ranging from 1000 cm™! to 1400
cm! 4 The glucose was dissolved in DI water and formed a solution with a

concentration of 2 mg/ml. For each measurement, the glucose solution was fetched

using a micropipette (~2 pl) and dropped on to the metamaterials.

The fabricated devices are shown in Fig. S17(A). The length of the nanorods is 3.5 pm,
which corresponds to a resonance wavenumber near 1100 cm!. The enhanced IR
sensing performance of D-glucose and L-glucose are shown in Fig. S17(B).
Unfortunately, we didn’t measure any obvious vibration transitions near 1100 cm™, but
an absorption peak can still be observed near 1225 cm’!. We have simulated the near
field enhancement at these two wavelengths, and find that both wavelength present field
enhancement, while the resonance peak near 1225 cm™! shows smaller enhancement
factor (around 245), which is the reason why the vibration peaks of glucose can still be
enhanced. Furthermore, we used a 1/4 waveplate with a centre wavelength of 8500 nm
to measure the VCD enhancement of the absorption peak. The results are shown in Fig.
S17(C) and Fig. S17(D), where the VCD signal of L-glucose is amplified when coated
on C+3 metamaterials, and the D-glucose signal is enhanced using C-3 metamaterials.
Compared with the VCD signal of D-glucose without any enhancement (~10)*, our

results show an enhancement of VCD signal with at least 3 orders of magnitudes.



In summary, we successfully demonstrate the enhanced VCD sensing of glucose
enantiomers. Although for the current results, the vibrational mode has not matched the
resonance peak of metamaterials, we can still observe an enhanced VCD signal around
3 orders of magnitudes. In future, we will do extensive survey for the resonance peak
matching process, will may provide larger enhancement factor for glucose molecules

sensing.



1. Cleaning of dummy Si wafer 2. Deposition of bottom Au and 3. Spin-coat PMMA as e-beam
AlLO; layer resist

4. Expose the first nanoantenna 5. Lift-off and clean the surface 6. Repeat the previous steps for
pattern and deposit top Au the second nanoantenna with
different heights

si | AL, Au [ PMMA

Fig. S1: Fabrication process of double-rod chiral metamaterials.
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Fig. S2: Parameter extraction for chiral metamaterials. (A) Parameter extraction of

AY from 650 nm to -650 nm. (B) Parameter extraction of AH from -80 nm to 80 nm.
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Fig. S4: Device SEM image from C-3 to C+3
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Fig. S12: AFM characterization of the estimated molecule numbers.
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Fig. S13: IR and OM image of the IRCPMs array for broadband sensing
applications. The fabricated IRCPMs array consists of a 7x6 metamaterial array. Each
metamaterial region has a footprint of 200 x 200 um? Each column has different
chirality varied from C+3 devices with positive optical chirality to C-3 devices with
negative optical chirality, while the middle region is achiral CO devices. Each row has
varied resonant wavelengths, ranging from 1500 cm™ to 1700 cm™. As shown in the IR
image under the incident light of 1650 cm™, where different colors indicates the
absorption difference of each metamaterial cells. Such IRCPMs array provides
enhanced VCD sensing covering the full wavelength range of amide I and amide II

vibrations for protein and peptide molecules.
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Fig. S14: Repeated testing results of enhanced protein IR absorption and VCD
signals. (A) Enhanced IR absorption signal of BSA coated on CO metamaterials. (B)
Enhanced IR absorption signal of B-lactoglobulin coated on CO metamaterials. (C)
Enhanced VCD signal of BSA coated on C-3 metamaterials. (D) Enhanced VCD signal
of B-lactoglobulin coated on C+3 metamaterials.
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Fig. S15: Characterization of -lactoglobulin molecules using metamaterials with
different nanorod lengths. (A) Reflection spectrum of the CO metamaterials coated
with B-lactoglobulin molecules. The black and red curves represent different lengths of
the nanorods. (B) Enhanced molecular IR signal after removing the background of
metamaterials. The amide I and amide II peaks are enhanced accordingly when coated
onto metamaterials with different lengths.
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Fig. S16: Characterization of BSA molecules using metamaterials with different
nanorod lengths. (A) Reflection spectrum of the CO metamaterials coated with BSA
molecules. The black and red curves represent different lengths of the nanorods. (B)
Enhanced molecular IR signal after removing the background of metamaterials. The
amide I and amide II peaks are enhanced accordingly when coated onto metamaterials

with different lengths.
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Fig. S17: Demonstration of VCD sensing of D-glucose and L-glucose using the
IRCPM platform. (A) (i) to (iii) Fabricated C+3, CO and C-3 metamaterials with
resonance wavelength near 1100 cm™. The length for each nanorod is 3.5 pm. (B)
Measured IR reflection spectrum of D-glucose and L-glucose coated with CO
metamaterials. Simulation results shows the electric field intensity at two wavelengths.
(C) Measured enhanced VCD signal of D-glucose and L-glucose coated on C+3
metamaterials. (D) Measured enhanced VCD signal of D-glucose and L-glucose coated
on C-3 metamaterials.
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Fig. S18: State-of-the-art spectroscopic chiral sensors. Data are taken from the
reference in main text (from top to bottom: Ref. 2, Ref. 40, Ref. S13, Ref. 48, Ref.
S7, Ref. S10, Ref. S14, Ref. 39, Ref. 44, Ref. 45)



Table S1: Benchmark for chiral sensors

Sensing unit Working Enhancement Molecules Sensitivity Detection Selectivity ~ Mixture
wavelength methods limit detection
VCD 6.06 pm & N.A. BSA &B- 2.7e-5% per N.A. Yes No
spectroscopy® 6.13 uym lactoglobulin mM & 2.8e-4%
per mM
Gammadion® 800 nm Superchiral BSA &B- 3nm per 15uM N.A. No No
field lactoglobulin & 0.5nm per
54uM
Twisted 1000 nm Field S-1,2-Propanediol ~ 4deg per 13M & ~55 No No
metamaterial’ enhancement & R-1,2- ldeg per 13M zeptomole
Propanediol
Crossing slit? 3.39 um Field R-a-pinene & S- 2% per 840mg N.A. Yes No
enhancement a-pinene & 3% per
840mg
Double rod’ 3.23 pm- Superchiral D- analine & L- N.A. N.A. Yes No
3.45 pm field analine
Achiral 5.71 um - Field (d) camphor & (s) N.A. N.A. Yes No
metamaterial'? 6.67 um enhancement camphor
Dielectric 700 nm Field L-phenylalanine 225mdeg per N.A. No No
resonator!! enhancement & D- 200nm &
phenylalanine 250mdeg per
200nm
Microbubble!? 650 nm Field L-glucose and D-  Snm per 100nM <100pM No Yes
enhancement glucose & Snm per

100nM




Mechano 1000 nm Colloidal BSA 28nm per fmol N.A. No No
metamaterial'3 assembly

Sub-10nm 580 nm Field L-cysteine & D- 3.7k per mM & N.A. Yes No
metamaterial'4 enhancement cysteine 3.5k per mM

Negative- 550 nm Field Flavin 300 counts per  ~zeptomole No No

index enhancement mononucleotide 100nM range
metamaterials
15

Triangular 600 nm - Field AP mono & AP 6.9 a.u./pM N.A. Yes No

nanorings'® 800 nm enhancement fibril

Our work 5.74 pm- Loss- BSA &B- 7.61% per pM ~23 Yes Yes

6.67 pm engineering lactoglobulin & 4.00% per zeptomole
& M
Superchiral

field




Table S2: Q-factor of chiral metamaterials

Chiral C+3 C+2 C+1 Co C-1 C-2 C-3
metamaterials
Q-factor 7.93 9.16 11.3 11.9 11.1 10.1 10.2
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